Although signed and speech-based languages have a similar internal organization of verbal short-term memory, sign span is lower than word span. We investigated whether this is due to the fact that signs are not suited for serial recall, as proposed by Bavelier, Newport, Hall, Supalla, and Boutla (2008. Ordered short-term memory differs in signers and speakers: Implications for models of short-term memory. Cognition, 107, 433-459). We administered a serial recall task with stimuli in Italian Sign Language to 12 deaf people, and we compared their performance with that of twelve age-, gender-, and education-matched hearing participants who performed the task in Italian. The results do not offer evidence for the hypothesis that serial order per se is a detrimental factor for deaf participants. An alternative explanation for the lower sign span based on signs being phonologically heavier than words is considered.
Starting from the seminal work by Bellugi, Klima, and Siple (1975) , a considerable amount of evidence has been accumulated showing that signs are retained in short-term memory (STM) in a sign-based code, in analogy to the speech-based code used to retain verbal stimuli in spoken languages (Wilson & Emmorey, 1998) . Notwithstanding these similarities, STM for words and signs differs in capacity, with an advantage for words. Sign span is lower than word span in pairs of different sign/spoken languages (Boutla, Supalla, Newport, & Bavelier, 2004; Geraci, Gozzi, Papagno, & Cecchetto, 2008; Klima & Bellugi, 1979; Krakow & Hanson, 1985; Rönnberg, Rudner, & Ingvar, 2004) . For example, Geraci et al. (2008) report that the mean word span was 4.94 (standard deviation [SD] 5 1.06, range 4-7) in the auditory modality and 4.69 (SD 5 1.8, range 3-7) in the visual modality, whereas the sign span was 3.31 (SD 5 0.48, range 3-4). Sign span was significantly different from word span in both modalities.
The most common explanation for this difference has been that signs take longer to be articulated than words (e.g., Klima & Bellugi, 1979) , but recent studies seriously challenged this hypothesis (for a recent review, see Geraci, Cecchetto, & Papagno, 2010) . Boutla et al. (2004) used material controlled for articulation rate, fingerspelled letters in the case of American Sign Language (ASL), and digits in the case of English, nevertheless the span remained significantly lower for deaf signers. Yet, this might be due to the privileged status of digits as there is evidence that digit span in hearing people is higher than word span (see Vallar & Papagno, 2002 , for a meta-analysis). Bavelier, Newport, Hall, Supalla, and Boutla (2008) measured forward and backward span by using digits both for English and for ASL, controlling for articulation rate. Although they found a disadvantage for ASL, they also recognized that the reduced span for ASL might be due to a phonological similarity effect. Furthermore, at least in case of digits 1-5, the shape of the digit in ASL directly expresses its meaning (''1'' is represented by one extended finger, ''2'' is represented by two extended fingers, etc.) and this might play a role.
However, Geraci et al. (2008) used directly comparable material (Italian words and corresponding Italian Sign Language [LIS] signs), controlled for articulation time and phonological similarity, and nonetheless found that sign span was still significantly lower than word span, ruling out articulation rate as the source of the lower sign span. An alternative and rather promising line of explanation capitalizes on the fact that auditory presentation requires temporal sequencing processing, whereas visual presentation allows processing information simultaneously. Unlike orally presented words, signs may be arrayed across space as well as across time and this may turn out to be a disadvantage in serial recall. Indeed, some experimental evidence confirms that a speech code favors maintenance of temporal information, as discussed by Hanson (1990) and Bavelier, Newport, et al. (2008) . Bavelier, Newport, et al. (2008) engaged English/ASL bilinguals in a free recall task and found that recalling in ASL leads to comparable memory capacity as recalling in English. The fact that the disadvantage for signs typically found in serial recall disappears in free recall suggests that the lower sign span might be an effect of seriality. Further support comes from the fact that participants maintained original temporal order more readily when recalling in English as compared to recalling in ASL, even though temporal order was irrelevant to the task. In addition, there is evidence that spatial and temporal information may be processed differently in working memory for signed and speech-based languages (see Rudner, Andin, & Rönnberg, 2009 , for a review). Temporal order maintenance may be less prominent for signed than speechbased languages, as supported by both behavioral (Bavelier, Newport, et al., 2008; Rudner, Davidsson, & Rönnberg, 2010; Rudner & Rönnberg, 2008; Wilson, Bettger, Niculae, & Klima, 1997) and neuroimaging data (Bavelier, Newman, et al., 2008; Rönnberg et al., 2004; Rudner, Fransson, Ingvar, Nyberg, & Rönnberg, 2007) .
Despite its plausibility, the hypothesis that the visuospatial modality is not suited for temporal ordering is controversial. Although it is true that in the spatial domain it is ''possible'' for items to be maintained as a visuospatial pattern with no serial order, this does not necessarily imply that when serial order becomes important, maintaining an ordered sequence of spatial items should be difficult. It has been demonstrated that both visual and spatial systems can store serial order, provided that relatively simple stimuli are used; in particular, visual memory appears able to hold up to four objects, each of which may comprise multiple features (see Baddeley, 2007 , for a review). In a visuospatial span, like the Corsi block test, adult deaf signers outperformed adult hearing nonsigners (Geraci et al., 2008) and deaf children who were native signers outperformed hearing nonsigner children (Wilson et al., 1997) . In addition, Italian hearing children attending LIS classes performed better on the same task than Italian hearing children attending an English class and Italian children not exposed to a second language (Capirci, Cattani, Rossini, & Volterra, 1998) . Because both the sign and the visuospatial span involve maintenance and reproduction of an ''ordered sequence'' of spatial items, the difference in performance by signers in the two tasks suggests that the crucial factor is not the ability to maintain sequential information per se but that the difference might be due to the type of items used in the sequence. Smyth and Scholey (1996) claimed that there are systematic similarities between spatial serial recall and verbal serial recall, resulting in the typical serial position curve in both cases. According to the authors, the first and last positions have fewer errors because they cannot be exchanged with other items on either side. Of course, these considerations may extend to verbal sequences both in signed and in speech-based languages (Emmorey, 2002) .
In sum, the hypothesis that low sign span is due to the fact that the visuospatial dimension is problematic for serial recall must be further investigated. To this aim, we tested a group of deaf signers and a group of matched hearing nonsigner participants. Each participant was given 20 lists of LIS signs (for deaf signers) or Italian words (for hearing participants) that exceeded his/her span by one item only. Participant's span was the length of the longest sequence at which each participant was able to correctly recall at least two sequences out of three. We further checked that at span 11, participants were still able to correctly repeat at least one sequence out of three. Participants were expected to make a sizeable number of two types of errors during the experiment: item errors (missing or not originally presented signs or words) and order errors (signs or words reproduced at the wrong position). Our hypothesis is that, if ''serial'' recall is problematic, deaf people should produce significantly more order than item errors.
Materials and Methods

Participants
Twelve (nine men and three women, mean age 44 years, mean education 11 years) deaf LIS signers and twelve (nine men and three women, mean age 46 years, mean education 12 years) hearing Italian native speakers, matched on gender, age, and education, participated in the study. There was no significant difference between the two groups on age or education (p . .1). The same participants participated in our previous experiments on STM (Geraci et al., 2008) , and the overall criteria for participant recruitment were the same as in Geraci et al. (2008) . More specifically, all deaf participants were fluent signers and members of the Italian Deaf Community; none of them presented with Italian proficiency equivalent to the nonsigner hearing participants. Four of the deaf participants were native signers (congenitally deaf people with deaf signer parents); the remaining eight were exposed to LIS before the age of 6. Of these, six were deaf since birth and two became deaf before the age of 2. They were all severely (71-95 dB) or profoundly deaf (.96 dB). None of the hearing people knew any form of sign language. All participants had nonverbal intelligence in the normal range (as assessed by means of the Raven Coloured Progressive Matrices) and were right-handed (because the actor performed the signs using her right hand, deaf participants were all righthanded to avoid potential confounding effects; hearing participants were all right-handed to match the deaf group).
Materials
Three experimental sets of stimulus material, one consisting of signs and two consisting of words, were constructed. In order to have comparable items in the three sets, translation-equivalent signs/words were chosen. LIS vocabulary was first created. This was then translated to Italian for the auditory and written presentation. Hearing participants were tested with both auditory and written presentations, whereas deaf participants were tested only with signs.
Sign presentation. Fifty signs from LIS were selected. They corresponded to disyllabic high-frequency (.32, VELI, 1989) Italian nouns. No frequency values are available for LIS signs. However, they likely match the ones of the corresponding Italian words (see Geraci et al., 2008) .
Like spoken words, the phonological structure of signs can be analyzed in terms of syllable structure. According to Brentari (1998) , sign-syllable weight is established as follows: (a) one-handed signs are lighter than two-handed signs; (b) signs with short or local movements are lighter than those with long movements; and (c) signs whose handshape does not change during articulation are lighter than signs with a changing handshape. Following the above-mentioned criteria, in this study, we included only monosyllabic light signs in order to avoid phonological complexity (see Geraci et al., 2008 , for a similar procedure).
In order to avoid a phonological similarity effect, adjacent signs never shared the same handshape, and only had one of the other three constitutive parameters in common (cf. Geraci et al., 2008 , for further details). Phonological similarity across signs in the same list has been avoided by using the same parameter value at most twice in a list. In addition, adjacent items never formed meaningful units. IMovie videoediting software was used to assemble the 50 signs in sequences of various lengths (ranging from 3 to 8). For each length, a list of 20 sequences was prepared (i.e., 20 sequences of three signs, 20 of four signs, etc.). The assembling procedure adopted in this study was the same as described in Geraci et al. (2008) . Stimuli were displayed on a Macintosh PowerBook G4 using a DVD player. LIS was the only mean of communication between the deaf participants and the experimenter, who was a native signer of LIS. Therefore, deaf participants were instructed by means of LIS.
Auditory and written word presentation. The 50 words used for the auditory and written presentation, as already mentioned, were all disyllabic high-frequency (.32; VELI, 1989) common nouns. Because visuoverbal span is known to be lower (though not significantly) than auditory-verbal span (Conrad, 1964) , both written and auditory modalities were tested to ensure that the results were not due to one specific modality of presentation. For the written presentation, PowerPoint slides were used. Items were printed in lowercase 44-point Arial font in black on a white background. For the auditory presentation, a female Italian speaker was recorded while reading the items aloud. The items were presented using iTunes software and participants listened to the stimuli through headphones. Following the same procedure used for the sign presentation, each sequence was arranged so that adjacent items did not form meaningful units and did not show phonological similarity. All hearing nonsigner participants were administered auditory and visual print conditions in counterbalancing order. For all language modalities, stimuli were presented at a rate of one item per second. Procedure First, verbal span was assessed (sign span for deaf and auditory and visual word span for hearing participants; see Geraci et al., 2008) . The mean word span for hearing participants was 6.25 (SD 5 0.30, range 5-8) in the auditory modality and 5.92 (SD 5 0.31, range 5-8) in the visual modality, whereas the mean sign span for deaf participants was 4.42 (SD 5 0.15, range 4-5). The auditory span was greater than the visual one, as expected. Although this difference was not significant (p . .05), our study just replicates what is observed in the literature, namely auditory span is advantaged but not significantly so. Then, we presented each participant with 20 sequences one item longer than his/her span. At the end of each sequence, participants were asked to immediately recall the items in the same order of presentation. The modality of response was spoken Italian for hearing participants and LIS for deaf participants.
Errors were scored as either item (missing or not originally presented) or order errors. We computed the proportion of item errors per sequence length. The reason is straightforward: the probability of an item error increases if more items are included in a sequence. For example, the number of possible item errors is higher if the sequence contains eight rather than four items.
As for order errors, a measurement methodology is not univocally stated in the literature. At least two alternative methods have been proposed: Saint-Aubin and Poirier (1999) and Bavelier, Newport, et al. (2008) . According to Saint-Aubin and Poirier, two order errors must be recorded if two items are reported at each other's serial position (e.g., if items 1, 2, 3 are reported in positions 2, 1, 3) and one order error must be recorded if a group of items is reported at the wrong serial position but with a correct interitem sequence (e.g., if items 2, 3, 4 are reported in positions 1, 2, 3).
Following Asch and Ebenholtz (1962) , Bavelier, Newport, et al. (2008) identified a measure of ordering score in free recall as the number of adjacent response pairs that were in the correct relative order with respect to the presentation list divided by the number of possible pairs in the participant's responses. ''For example, consider the list A B C D E, and a subject's response A C E D A X. After discarding the repetition of A and the intrusion of X, the output list consists of A C E D. The two pairs A-C and C-E are in the correct relative temporal order, but the pair E-D is not. Therefore, the ordering score equals 2 correct pairs divided by 3 possible pairs, for a score of 66.67% (out of a maximum value of 100%)'' (Bavelier, Newport, et al., 2008, p. 451) .
In Saint-Aubin and Poirier (1999) , subspan lists were presented for serial recall, whereas in Bavelier, Newport, et al. (2008) , supraspan lists were presented for free recall. Because we share with Saint-Aubin and Poirier the use of a serial recall task and with Bavelier, Newport, et al. (2008) , the use of supraspan lists, we decided to adopt both methods in our study. Because the goal of both methods is to measure memory for order, both methods should produce a similar pattern of results.
It is important to note here that when using the first method of order error scoring, we followed Saint-Aubin and Poirier (1999) and normalized the measure of order errors by a linear factor by dividing the number of order errors by the number of items correctly recalled in any order. We made this correction because item and order errors are not independent. The probability of an order error increases when more items are recalled: for example, the number of possible order errors is higher if four items are recalled than if two items are recalled. The same correction has been applied in Saint-Aubin and Poirier and several other studies (e.g., Murdock, 1976; Poirier & Saint-Aubin, 1996; Saint-Aubin, Tremblay, & Jalbert, 2007) .
It could be argued that a better alternative would have been to normalize by a factorial number corresponding to the list length. However, this option would not be more appropriate. Indeed, assume that participant A has a list length of 4, B a list length of 5, and C a list length of 6 and that A has made 10 errors out of the 80 items (20 3 4). This is a 12.5% error rate or, equivalently, an error proportion of .125. Using a linear normalization, B should make 12.5 errors out of the 100 items and C 15 errors out of the 120 items, to be considered equivalent to A. On the other hand, normalizing by the factorial number corresponding to the list length, in order to be considered as equivalent to A, B should make 62.5 errors out of the 100 items and C should make 450 errors (!) out of the 120 items. Therefore, a combinatorial correction does not seem a viable alternative, being far more problematic than a linear correction.
To sum up, although a linear correction may not be perfect, it ''is perhaps the most appropriate and straightforward solution as well as the most frequently used in studies investigating verbal short-term recall'' (Saint-Aubin et al., 2007, p. 269) .
Results
We first used the measure of order errors of SaintAubin and Poirier (1999) to analyze the data. The proportion of item and order errors as a function of group and modality of stimulus presentation is presented in Table 1 and Figure 1 . First, the performance of the deaf participants was compared with that of the hearing participants in the visual presentation. To test whether there was a significant difference in the proportion of item and order errors, we used a repeated measures analysis of variance (ANOVA) with group (deaf, hearing-visual presentation) and type of error (item, order) as within-participants factors. We found no significant main effect of group, F(1, 11) 5 0.40, p 5 .54, no significant main effect of type of error, F(1, 11) 5 4.18, p 5 .07, and no significant type of error by group interaction, F(1, 11) 5 0.03, p 5 .87. Second, the performance of the deaf participants was compared with that of the hearing participants in the auditory presentation. Again, we used a repeated measures ANOVA with group (deaf, hearing-auditory presentation) and type of error (item, order) as withinparticipants factors. We found no significant main effect of group, F(1, 11) 5 0.13, p 5 .73, no significant main effect of type of error, F(1, 11) 5 0.78, p 5 .40, and no significant type of error by group interaction, F(1, 11) 5 1.13, p 5 .31. A correlation was found between item and order errors in both groups because participants who made a higher number of item errors also made a higher number of order errors (deaf participants: r 5 .78, p 5 .003; hearing participants: r 5 .60, p 5 .04 for the visual modality and r 5 .63, p 5 .03 for the auditory modality). Furthermore, to test whether there was a significant difference in the proportion of item and order errors across modality within the hearing group, we used a repeated measures ANOVA with modality of presentation (hearingvisual, hearing-auditory) and type of error (item, order) as within-participants factors. We found no significant main effect of modality of presentation, F(1, 11) 5 1.92, p 5 .19, no significant main effect of type of error, F(1, 11) 5 2.36, p 5 .15, and no significant type of error by modality of presentation interaction, F(1, 11) 5 0.62, p 5 .45. Using the method 
General Discussion
In this paper, we engaged deaf signers and hearing speakers in a span 11 task in order to study the type of errors they produced. We obtained a null result because deaf signers and hearing speakers did not significantly differ either in the proportion of item errors or in the proportion of order errors. However, a null result can be particularly relevant in the frame of the actual debate on sign span. In our case, the null result is interesting because it is not expected under a well-established explanation for the lower sign span, namely the hypothesis that signs are not suited for serial recall. If maintaining the items in a given order is the crucial factor limiting the signers' performance, order errors should exceed item errors or at least signers should make a greater proportion of order errors than speakers. This is not what we observed. Bavelier, Newport, et al. (2008) engaged ASL/ English bilinguals in a free recall task. Although participants recalled a comparable number of items when tested with ASL or English, their ordering score, determined as explained above, was significantly lower for ASL than for English. A direct comparison with our experiment is very difficult because both population (bilinguals tested in two languages as opposed to monolinguals tested in their native language) and task (span 11 as opposed to free recall) differ. Yet, the results emerging from the two studies (Bavelier, Newport, et al.'s and ours) are somewhat at odds, Bavelier, Newport, et al. (2008) suggesting, unlike us, that an advantage for English in span is due to spoken language being more suited for temporal ordering encoding.
We conclude that the question about the source of the lower sign span is still open. In particular, at least two alternative explanations are competing. One, already considered, is what we might call ''serial order is unsuited for signs explanation.'' An alternative explanation is what we might call ''the same store, bigger units explanation.'' According to the latter, signs are ultimately more difficult to retain because they are phonologically heavier than words. It can be argued that signed material of ASL and LIS is intrinsically heavier than spoken material in English or Italian. For example, processing even the lightest monosyllabic sign requires maintaining simultaneous information about the four formational values of the sign, whereas English and Italian admit syllables consisting of the nucleus only. Furthermore, no processing of simultaneous phonemic information is required at the segmental level in either English or Italian. For these reasons, it is likely for monosyllabic signs to be heavier than disyllabic words. If signs are heavier than words, so the alternative explanation goes, the phonological short-term store capacity would allow storing a limited number of signs compared with Italian (or English) words.
Only further research, we believe, can determine which is more adequate between ''serial order is unsuited for signs'' explanation and the ''same store, bigger units'' explanation. 
